Homeobox genes are an evolutionarily conserved class of transcription factors that are key regulators during developmental processes such as regional specification, patterning and differentiation. In this review, we summarize the expression pattern, loss-and/or gain-of-function mouse models, and naturally occurring mouse and human mutations of known homeobox genes required for the development of ectodermal appendages.
Introduction
Homeobox genes are characterized by a conserved 180-bp DNA sequence coding for a 60-aminoacid DNA-binding domain called the 'homeodomain'. They function as transcription factors recognizing specific DNA sequences and regulate target genes (McGinnis and Krumlauf, 1992; Quiring et al., 1994) . The first homeobox genes were identified in Drosophila but homologous genes were rapidly found in all animal species as well as in fungi and plants. There are two classes of homeobox genes. Class I genes, called Hox genes, share a high degree of identity in their homeodomain and are organized in clusters. In mammals, 39 Hox genes have been identified and are organized in four clusters located on four different chromosomes and labeled A, B, C and D. Individual genes within each cluster have been classified into 13 paralogous families on the basis of sequence similarity and chromosomal position within each linkage group (Scott, 1993) . Interestingly, in both invertebrates and vertebrates, there is a correlation between the position of Hox genes in the cluster and their expression pattern along the anterior-posterior axis of the body, with genes located most 5' in the cluster expressed most posteriorly while the more 3' located genes are expressed in more anterior regions (Duboule and Dolle, 1989; Gaunt, 1988; Graham et al., 1989) . Class II genes share a lower degree of identity in their homeodomain. They are grouped into subfamilies based on the presence of additional conserved functional domains besides the homeodomain.
Homeobox genes play a crucial roles in specifying cell identity and positioning during embryonic development, and mutations in these genes can cause dramatic developmental defects including loss of specific structures as well as changes in the identity of a body part or segment, which are known as 'homeotic transformations' (Lewis et al., 1999a) .
In this review, we focus on the role of homeobox genes and summarize what is known on their function in the specification, patterning and differentiation of ectodermal appendages. Ectodermal appendages are structures derived during embryonic development from the interaction between the ectoderm and the underlying mesoderm. In mammals, ectodermal appendages include: tooth, hair, mammary gland, nail, sweat and sebaceous gland. Teeth, hair and mammary gland are among the organs in which a substantial amount of information on developmental regulation by homeobox genes has been accumulated in recent years. While only few studies reported the involvement of homeobox genes in nail development, the role of these transcription factors in sweat and sebaceous gland formation has not been documented. Figure 1 illustrates the principal stages of tooth, hair and mammary gland development and the effect of different knockouts of homeobox genes on these developmental processes. The phenotype resulting from the knockout of these genes is summarized in Table 1 . Human diseases associated with mutations in homeobox genes and defects in ectodermal appendage formation are listed in Table 2 .
Homeobox genes involved in the patterning of the dentition and in tooth morphogenesis
The dentition is derived from the first branchial arch, where complex interactions between the stomodeal epithelium (derived from the ectoderm) and the underlying mesenchyme derived from cranial neural crest (CNC, migrating from the neurectoderm during early neurulation) drive the development of the appendages (Fig. 1A) . The first sign of odontogenesis is the thickening and invagination of the stomodeal epithelium forming the dental placode. The dental placode then further invaginates into the surrounding dental mesenchyme to form the tooth bud. At that stage, the mesenchyme proliferates and condensates around the tooth bud. At the cap stage, the invaginated epithelium expands laterally and covers the condensed mesenchyme that will become the dental papilla. From that stage on, different structures can be distinguished in the dental epithelium, including the enamel knot (ek) which is known as an organizing center of tooth morphogenesis. At the late bell stage, cytodifferentiation starts: the cells of the internal enamel epithelium differentiating into ameloblasts (enamel-producing cells) while adjacent cells in the dental papilla differentiate into odontoblasts (dentine-producing cells). Mice develop two types of teeth ( Fig. 2) : incisors develop in the distal part of the jaw (one maxillary and one mandibular incisor on each side) while molars develop in the proximal part of the jaw (three maxillary and three mandibular molars on each side).
Although Hox genes are not expressed in the first branchial arch derivatives and are thus not involved in tooth development, several genes belonging to the class II homeobox families are expressed during odontogenesis where they are involved in both spatial and temporal control of dentition formation. When approaching the development of the dentition, one must not only consider the different stages of the development of an individual tooth but also what determines the nature (incisor or molar) of the tooth that is forming at a particular place. Moreover, even though teeth of mandibular (lower jaw) and maxillary (upper jaw) origin are histologically and morphologically identical, they involve different developmental pathways. In 1998, Thomas and Sharpe proposed that the patterning of murine dentition was determined by the complex and specific distribution of homeobox genes ("odontogenic homeobox code") in the first arch mesenchyme prior to the initiation of tooth formation (Thomas and Sharpe, 1998) . Several studies using in vitro recombination of dental tissues and culture of dental explants in the presence of purified secreted factor have shown that BMP4 is produced by the distal epithelium while FGF8 is produced by the proximal epithelium, and that the interplay between those two growth factors (inductions and inhibitions) is the main determinant of the expression pattern of homeobox genes in the dental mesenchyme prior to tooth formation (Bei and Maas, 1998; Grigoriou et al., 1998; Mandier and Neubuser, 2001; Mitsiadis et al., 2003; Thomas et al., 2000; Tucker and Sharpe, 2004; Tucker et al., 1998a; Tucker et al., 1998b; Vainio et al., 1993) . Figure 1A and Table 1 illustrate and summarize the effects of different homeobox genes knockouts on tooth development. Figure 2 presents a diagram of the mouse dentition showing the expression domains (maxillary/mandibular, incisor/molars and epithelium/mesenchyme) of different homeobox genes.
Role of Msx genes in tooth development
Msx1 is expressed in the mesenchyme of all teeth, from the dental placode stage to the early bell stage (Mackenzie et al., 1991) . Msx1-/-mice die after birth of major craniofacial defects. The development of the first and second molars is delayed and stops at the bud stage, while the development of incisors is not even initiated (Satokata and Maas, 1994) . Msx1 seems to be critical for proliferation and fate determination of the cranial neural crest (CNC) which exhibit properties consistent with a neuronal fate in Msx1-/-mice (Han et al., 2003) . The importance of MSX1 in human tooth development is supported by the discovery of a missense mutation in MSX1 which is responsible for a dominant negative agenesis of the second premolars and third molars (Vastardis et al., 1996) . Another member of the Msx family, Msx2, is also expressed in the developing tooth. While Msx1 is exclusively expressed in the dental mesenchyme, Msx2 exhibits a dynamic expression in both the mesenchymal and epithelial compartments of all developing teeth (MacKenzie et al., 1992) . Msx2 is first expressed in the mesenchyme in the area where the first molar will develop and is then localized in specific areas of the dental epithelium. At the late bell stage, Msx2 is expressed in both ameloblasts and odontoblasts. Msx2-/-mice develop all their teeth but both incisors and molars exhibit malformations and degenerate, which leads to an inability to chew solid food (Aioub et al., 2007; Satokata et al., 2000) . Defects were shown in the structure of the enamel knot that does not express BMP4 in the absence of Msx2, and ameloblasts exhibit defective cell-cell contacts due to their inability to express laminin α3 subunit (Bei et al., 2004) . Interestingly, when both Msx1 and Msx2 are knocked out, tooth development stops at the placode stage for both incisors and molars (Bei and Maas, 1998; Satokata et al., 2000) . Thus, although Msx2 expression is not required for the initiation of tooth development, its early expression in the proximal mesenchyme probably compensates for the absence of Msx1 and enables the formation of the tooth bud in Msx1-/-mice (Satokata et al., 2000) . In human, mutations in MSX2 and MSX2 haploinsufficiency were shown to cause skull malformations (craniosynostosis) but no defects in tooth formation (Jabs et al., 1993; Wilkie et al., 2000) .
Role of Dlx genes in tooth development
Members of the Distal-less (Dlx) family of homeobox transcription factor are also involved in tooth morphogenesis. In mammals, there are six Dlx genes organized into three pairs of inverted, convergently transcribed genes, termed Dlx1-2, Dlx3-4 and Dlx5-6. Prior to tooth formation, Dlx1 and Dlx2 are expressed in the proximal mesenchyme of both mandibular and maxillary processes where molars will form, while Dlx2 is also detected in the distal epithelium of the maxillary process where incisors will develop (Thomas et al., 2000; Thomas et al., 1995; Thomas et al., 1997) . At the same stage, Dlx5 and Dlx6 are expressed in the proximal mesenchyme of the mandibular process but not in the maxillary process (Qiu et al., 1997) . Later, Dlx genes are expressed in all developing teeth, with a very complex expression pattern . While Dlx1 is exclusively located in the dental mesenchyme of the developing tooth, Dlx2 follows a very dynamic expression pattern in both the dental mesenchyme and the dental epithelium. Although Dlx1-/-and Dlx2-/-mice have craniofacial defects with no alteration of tooth development (Qiu et al., 1997; Qiu et al., 1995) , the deletion of both Dlx1 and Dlx2 results in the absence of maxillary molars whose development stops after epithelial thickening (placode stage), while incisors and mandibular molars have no defects (Qiu et al., 1997; Thomas et al., 1997) . It is very interesting that although Dlx1 and Dlx2 are expressed in both mandibular and maxillary teeth, Dlx1/2 deletion affects specifically the teeth of the maxillary jaw. One explanation for the absence of defects in mandibular molars is a compensation by Dlx5 and Dlx6 which are expressed in the mandible but not in the maxillary prior to tooth formation. Interestingly, ectopic pieces of cartilage were detected in place of the missing molars, suggesting a change in the fate of a subpopulation of CNC in the absence of Dlx1 and Dlx2. As it is the case for Msx1, the redundant function of Dlx1 and Dlx2 could be to specify a distinct population of CNC. Although Dlx5 and Dlx6 are restricted to the proximal mesenchyme of the mandibular process before the first signs of tooth formation, they are expressed later in the dental mesenchyme of all teeth . The dental phenotype of Dlx5-/-mice, which have multiple defects in craniofacial structures, has not been extensively described (Acampora et al., 1999; Depew et al., 1999) . One of the two studies on Dlx5-/-mice reports that, although all teeth were formed, both maxillary and mandibular molars are malformed and have poorly mineralized crowns while both sets of incisors are shortened and misshapen (Depew et al., 1999) . Prior to tooth formation, Dlx3 is detected in the distal epithelium of the mandible . Subsequently, Dlx3 is detected in the mesenchyme as well as the epithelium of all developing teeth (Robinson and Mahon, 1994; Zhao et al., 2000) . At the late bell stage, Dlx3 expression was seen in both ameloblasts and odontoblasts (Robinson and Mahon, 1994) . Dlx3-/-mice die of placental defects and thus did not provide any information on the function of Dlx3 in tooth development (Morasso et al., 1999) . However, a frameshift mutation in the C-terminal domain of Dlx3 has been associated to an ectodermal dysplasia called Tricho Dento Osseous (TDO) that is characterized by defects in hair, teeth and bone (Price et al., 1998) . Teeth defects in TDO patients include enamel hypoplasia and taurodontism (enlargement of the pulp chamber) suggesting that Dlx3 is involved in the development of both epithelial-and mesenchymal-derived structures of the tooth. The roles of Dlx4 and Dlx6 have not been extensively studied.
Role of Pitx genes in tooth development
Pitx2 is a paired-like homeobox gene homologous to the human gene RIEG which is responsible for the Rieger syndrome, an autosomal dominant disorder whose features include dental hypoplasia (Semina et al., 1996) . Pitx2 is expressed early in the proximal and distal stomodeal ectoderm of both mandibular and maxillar processes, before any sign of odontogenesis. Pitx2 expression is then localized at the sites of tooth formation and remains in the dental epithelium throughout tooth development (Mitsiadis et al., 1998; Mucchielli et al., 1997) . Pitx2-/-mice exhibit severe craniofacial defects including an arrest of all mandibular teeth (incisors and molars) at the bud stage and an arrest of all maxillary teeth development at the placode stage (Lin et al., 1999; Lu et al., 1999b) . Another member of the family, Pitx1 is expressed in the mesenchyme and epithelium of developing incisors and molars, exclusively in the mandible. Before the placode stage, Pitx1 is first expressed in the proximal mesenchyme of the mandible. At the placode stage, its expression is then transfered to the epithelium. Pitx1 is then detected in the epithelium of both molars and incisors, and its mesenchymal expression declines (Mitsiadis and Drouin, 2008; St Amand et al, 2000) . Initial studies on Pitx1-/-mice reported no obvious defects in tooth morphogenesis at least until E14.5 which corresponds to the cap stage of the first molar (Lanctot et al., 1999; Szeto et al., 1999) . A recent study revealed an altered morphology of mandibular teeth in Pitx1-/-mice, where molars form one cusp instead of two and the first and second molars tend to fuse (Mitsiadis and Drouin, 2008) .
Role of paired-related homeobox genes in tooth development
The two paired-related homeobox genes, Prx1 and Prx2, are expressed in the mesenchyme of all teeth throughout odontogenesis (Cserjesi et al., 1992; Lu et al., 1999a; Martin et al., 1995; Mitchell et al., 2006; ten Berge et al, 1998) . Although Prx1-/-and Prx2-/-mice develop normal teeth (Martin et al., 1995) , when both genes are deleted dental abnormalities are observed. The first reports on Prx1/Prx2 knockout mice described defects in the development of mandibular incisors (Lu et al., 1999a; ten Berge et al., 1998) . The distal mandible forms a single tooth bud that stops developing or in some cases develops as a single incisor. It is however unclear whether this phenotype reflects a direct function of Prx1/2 in mandibular incisor development or an indirect consequence of a shortening of the mandible. More recently, 3D reconstructions of molars from the same mice revealed that the absence of Prx1 and Prx2 results in defects in the morphology of mandibular and maxillary molars (Mitchell et al, 2006) . Aristaless-like 4 (Alx4), another paired-like homeodomain transcription factor, is expressed in the dental papilla of developing teeth (Hudson et al., 1998) . Alx4-/-mice have several abnormalities including polydactyly (Qu et al., 1997) . Moreover, a mouse strain with polydactyly known as Strong's luxoid mutant (Alx4 1stD/1stD ), was shown to harbor a mutation in Alx4 (Qu et al., 1998) . Although both Alx4-/-mice and Strong's luxoid mice have major skeletal defects including abnormal craniofacial structures, neither has been associated with teeth defects.
Role of LIM homeobox genes in tooth development
The two LIM homeobox genes Lhx6 and Lhx8 are expressed in the proximal mesenchyme of both maxillary and mandibular processes and are maintained in the mesenchyme of developing molars (Grigoriou et al., 1998) . While Lhx6-/-mice have no craniofacial defects (Liodis et al., 2007) , Lhx8-/-mice exhibit a cleft palate with no defects in other craniofacial structures (Zhao et al., 1999) .
Isl1 (Islet-1), another member of the LIM homeobox family, is also specifically expressed in developing incisors, in both mandibular and maxillary processes. Isl1 expression is restricted to the dental epithelium throughout tooth development and a strong expression is maintained in differentiated ameloblasts (Mitsiadis et al., 2003) . Unfortunately, since Isl1-/-mice die at E10.5, no further role in dentition could be assessed (Ahlgren et al., 1997; Cai et al., 2003; Pfaff et al., 1996) .
Other homeobox genes expressed during tooth development
The homeobox gene Barx1 is expressed in the proximal mesenchyme of the mandibular and maxillary processes and is maintained in the dental mesenchyme of all molars throughout their development while incisors develop in a Barx1-negative area (Mitsiadis et al., 1998; TissierSeta et al., 1995) . Interestingly, when the expression domain of Barx1 is extended to the distal mesenchyme, molars develop in place of incisors (Tucker et al., 1998b) . This phenomenon was shown using Noggin beads to inhibit BMP4, which was shown to repress Barx1 expression in the proximal mesenchyme. However, in this experiment, Barx1 is just an indicator of the extension of the molar-inducing mesenchyme in the distal part of the jaw, and only one of the many genes whose expression is repressed by BMP4 in the distal mesenchyme. Moreover, the fact that Barx1-/-mice exhibit stomach and intestine defects but no alteration of tooth development suggest that Barx1 does not play a major role or at least has a redundant role in odontogenesis (Kim et al., 2005; Kim et al., 2007) .
The T-cell leukemia homeobox containing gene Tlx1, is first expressed in the distal mesenchyme of the mandibular component of the first branchial arch before appearing in the dental epithelium at the site where lower incisors will form. From the placode stage to the bell stage, Tlx1 expression is restricted to the dental epithelium of mandibular incisors (Raju et al., 1993) . Inhibition of BMP4 using Noggin beads was shown to shut down Tlx1 expression in the distal mesenchyme where molars form in place of incisors (Tucker et al., 1998b) . However, since the only defect observed on Tlx1-/-mice is the absence of spleen, Tlx1 does not seem to be indispensable for incisor development (Roberts et al., 1994) .
Irx1, a member of the Iroquois family of homeobox transcription factors, is expressed in the dental epithelium of all developing teeth from the placode to the cap stage. However, Irx1 is not required for tooth morphogenesis (Ferguson et al., 2001) Homeobox genes involved in hair follicle development
As for other ectodermal appendages, hair follicle (HF) morphogenesis involves a series of reciprocal and sequential interactions between the ectoderm and underlying mesenchyme. The initial step is the formation of the hair placode, in response to inductive (Wnt) and inhibitory (BMP) signals. After the induction of the dermal condensate, there is subsequent epithelial proliferation and down-growth that progresses to form larger hair germs, and later hair pegs (Fig. 1B) . The specialized cells in the mesenchyme (dermal condensate) become the dermal papilla (DP) cells, that remains engulfed and associated with the overlaying epithelial matrix cells, which undergo an upward differentiation process to give rise to the different HF compartments of the hair shaft and the inner root sheath (IRS). The growing hair shaft is surrounded by the keratinocyte-derived outer root sheath (ORS) (Fuchs, 2007; Millar, 2002) . The hair matrix cells are derived from epithelial stem cells located in the bulge region of the HF (Cotsarelis et al., 1990; Levy et al., 2005; Oshima et al., 2001; Taylor et al., 2000) .
After the initial follicle morphogenesis, the HF continues in growth phase (anagen) generating the first pelage approximately 2 weeks after birth. The length of the hair is determined by the length of the anagen phase. The HF undergoes cyclic transformations, with the anagen phase terminating with the remodeling catagen process (regression) followed by a resting telogen phase. After this, a new anagen phase reinitiates to start a new cycle of hair growth making the HF an ideal system to allow the study of essential stages of proliferation, regression and regeneration that occur throughout mammalian life (Hardy, 1992; Schmidt-Ullrich and Paus, 2005) (Fig 1B) . Cyclical postnatal renewal of the hair is thought to recapitulate some of the signaling and regulatory mechanisms found between the DP and overlying epithelial cells during the embryonic onset of hair formation (Hardy, 1992; Oliver and Jahoda, 1988; SchmidtUllrich and Paus, 2005) . Figure 1B and Table 1 illustrate and summarize the effects of different homeobox gene knockouts on HF development.
Hox genes and hair follicle development
Hox genes from all four clusters are expressed in mammalian skin and present differential spatial and temporal expression in the stratified epidermis, in the developing HF as well as in the sebaceous gland and the sweat gland. Findings show that while H0XA4, H0XA7 and HOXC4 are detected in all epidermal layers of the HF, HOXA5 is restricted to the IRS (Awgulewitsch, 2003; Stelnicki et al., 1997; Stelnicki et al., 1998) . HOXC8 localizes to the DP in developing and cycling hair and two HoxD genes, D9 and D11 are expressed in the epidermal peg of the hair germ, the matrix, hair shaft and the ORS of the developing caudal hair. In the mouse, Hoxd13 transcripts are the last to be detected and are limited to the hair matrix cells of the caudal pelage HFs (Kanzier et al., 1994 ).
Hoxc12 expression is restricted to the epithelial part of the HF excluding the ORS and interfollicular epidermis. During anagen, Hoxc12 overlaps in the upper-most part of the bulb with the more proximally expressed Hoxc13 (Shang et al., 2002) .
The spatio-temporal expression of other Hox family members would lead to propose distinct functions during HF development and cycling. As for other structures such as the limb buds, there might exist a complex code of transcriptional regulation that is required for HF patterning and differentiation. Despite the expression patterns of Hox genes in the HF, only the analysis of Hoxc13 loss-and/or gain-of-function mouse models has shown this gene to play an essential role in HF development. As embryonic hair morphogenesis reaches completion (post natal day 9, P9), expression of Hoxc13 is detected in the hair shaft forming compartments of the matrix, cuticle, cortex and medulla (Godwin and Capecchi, 1998; Langbein and Schweizer, 2005; Potter et al., 2006) . Hoxc13 directly regulates expression of the hair keratin genes, hair-specific keratin-associated proteins (KAPs) and the transcription factors Foxq1 (Jave- Suarez et al., 2002; Potter et al., 2006; Pruett et al., 2004) , and its role in hair development is supported by the findings that Hoxc13-deficient or overexpressing mice show hair growth and differentiation defects that result in a hairless phenotype (Godwin and Capecchi, 1998; Tkatchenko et al., 2001) .
Role of Msx genes in hair follicle development
During mouse embryogenesis, Msx1 and Msx2 are expressed in the HF placode ectoderm. When the HF begins the downward growth, both genes are detected in the DP, the IRS and the developing overlying epithelium. Subsequently Msx1 and Msx2 are co-expressed in the epithelial matrix cells suggesting they may play overlapping roles (Noveen et al., 1995; Satokata and Maas, 1994; Stelnicki et al., 1997) . Msx2 is known to play a role in maintaining anagen phase and Msx2-/-mice show progressive hair loss, with successive cycles of re-growth and loss, accounting for a cyclic alopecia phenotype (Ma et al., 2003; Satokata et al., 2000) . Although Msx1-/-mice present a variety of craniofacial defects, development of the hair occurs normally (Satokata and Maas, 1994) . The Msx1/2 double mutant have reduced number of HFs indicating that these genes play important roles in promoting placode fate (Satokata et al., 2000) .
Other homeobox genes expressed in the developing hair follicle
No hair phenotype has been reported for Dlx1, Dlx2 or Dlx1/2 mutants. Interestingly, Dlx3 is expressed in the hair matrix cells of the HF (Morasso et al., 1995; Robinson and Mahon, 1994) . Although early embryonic lethality of Dlx3-/-mice precluded the analysis of its role in hair development, mutations in human DLX3 lead to Tricho-Dento-Osseous syndrome, an ectodermal dysplasia that is characterized by hair, tooth and bone defects (Price et al., 1998) indicating a role for this homeobox in hair development.
As mentioned earlier, Alx4 is a paired-like homeodomain transcription factor that is expressed in the mesenchymal compartment of several ectodermal appendages, including in the DP of developing HF (Hudson et al., 1998) . Contrary to other organs where Alx4 is exclusively expressed in tissues of mesenchymal origin, developing HFs express Alx4, not only in the DP, but also in parts of the ORS. Interestingly, one of the phenotypes of the Strong's luxoid mutant (Alx4 1stD/1stD ) is dorsal alopecia (Qu et al., 1998) , demonstrating that Alx4 plays a crucial role in HF development. Moreover, the fact that only dorsal pelage is affected suggests that Alx4 function is compensated for by other factors in some parts of the body.
The homeodomain Lhx2 is expressed in the postnatal bulge compartment, and studies show that Lhx2 functions to specify and maintain the HF stem cell character but does not have a role in their differentiation (Andl et al., 2002; Rhee et al., 2006) . The Otx genes, Otx1 and Otx2, known to play a crucial role in the development of the brain, show expression in the head epithelia where their domains overlap and persist during the development of the hair vibrissae follicles.
Initial studies on the expression of ovine Barx2 in the ORS of wool follicles suggested a possible role in hair biology (Sander et al., 2000) . Barx2 was reported to be absent from all other HF compartments, i.e. IRS and dermal cells associated with the follicle. More recently, the generation of Barx2-/-mice have corroborated its function in hair development, with Barx2-deleted mice presenting defects in initiation and progression of catagen, resulting in an extended first catagen that leads to short hair in mutant mice (Olson et al., 2005) .
Another non-Hox homeobox that has been identified in the HF is M0X1. MOX1 expression is confined to cells of the ORS during HF development, however its expression is completely lost in adults. These findings support a role for MOX1 in the initial growth and development events, but indicate lack of function in the maintenance of hair growth in adulthood (Stelnicki et al., 1997) .
Homeobox genes involved in the development of the mammary gland
The development of the mammary gland, which is highly controlled by estrogen and testosterone, can be divided into a linear phase starting early during development and continuing after birth until females reach puberty, and a cyclic phase related to the estrous cycle initiated every time females become pregnant ( Figure 1C ). In mouse, the first sign of MG development appears around embryonic day 11.5 (E11.5) with two lines of thickened epithelium forming ventrally between the limb buds on both sides of the embryo. Then, the underlying mesenchyme locally induces further thickening and invagination of the epithelium forming the mammary bud (E13.5) and further elongates to form the primary sprout (E16.5). There are two distinct mesenchymal compartments in the mouse fetal MG: a dense mesenchyme consisting of layers of fibroblasts of dermal origin, and a less dense mesenchyme composed of preadipocytes. By E18.5, the mammary epithelium has branched into the deeper adipocyte mesenchyme that will later be called the stromal fat pad. At birth and during all the period preceding the onset of puberty, the MG contains only rudimentary ductal network that will develop with the onset of ovarian functions. Indeed, at the onset of puberty, the ductal network proliferates and sends ramifications into the fat pad. This phase of MG development called ductal growth is dependent on the presence of estrogen and is completed by the time females reach sexual maturity. Further changes in MG morphology and physiology occur only with pregnancy and follow a defined cycle that can be divided into three phases: 1) During pregnancy, lobular-alveolar structures develop from the existing ductal system in a process that is driven by pregnancy-induced hormones and estrogen. 2) During lactation, the lobular system grows and differentiates to form alveoli in which milk protein synthesis takes place. 3) During involution, period following the weaning of the pups, the MG undergoes extensive remodeling, leading to a selective loss of alveolar structures, in a process involving large-scale apoptosis. Figure 1C and Table 1 summarize the different stages of MG development and illustrates the effect of different gene knockouts in this process.
Hox genes involved in mammary gland development
Members of all four clusters the Hox family are expressed in the developing MG with some of them playing essential roles (Friedmann et al., 1994; Lewis, 2000) . The expression of Hoxc6 has been analyzed most extensively. Hoxc6 was detected in glands from pubescent and mature virgin animals but downregulated during pregnancy and lactation. In response to ovariectomy, Hoxc6 transcript levels were substantially elevated compared to glands from intact virgin mice, suggesting that Hoxc6 expression is downregulated by ovarian secretions (Friedmann et al., 1994) . While in intact females Hoxc6 is primarily expressed in the epithelial compartment of the MG, ovariectomized females express Hoxc6 in both the stroma and the ductal epithelium, suggesting that ovarian hormones are involved in the regulation of Hoxc6 expression and distribution (Garcia-Gasca and Spyropoulos, 2000) . The phenotype of Hoxc6-/-mice demonstrates the importance of this Hox gene in the spatial and temporal regulation of MG development (Garcia-Gasca and Spyropoulos, 2000) . Newborn Hoxc6-/-mice exhibit slightly underdeveloped mammary epithelium, with limited ductal branching. However, these defects are relatively subtle when compared to the phenotype observed in the adult mice. Interestingly, thoracic and inguinal MGs exhibit profoundly distinct phenotypes. Thoracic MGs of adult Hoxc6-/-mice are devoid of mammary epithelium (absence of ductal structures), while inguinal glands develop ductal structures that are dilated and variably orientated, demonstrating a position specific role for Hoxc6 in MG development. The malformed inguinal mammary epithelium does not regress in response to ovariectomy, suggesting that these glands are not responsive to ovarian hormone signal.
The paralogous Hox genes, Hoxa9, Hoxb9 and Hoxd9 give a nice example of genes playing a redundant role in the cyclic phase of MG development and physiology, without affecting the linear phase preceding pregnancy. The three paralogous genes are expressed in the mammary primordia of E12.5 embryos as well as in the MG of adult virgin females, pregnant females and females in lactation (Chen and Capecchi, 1999) . Similarly to mice lacking each of the three Hoxa9, Hoxb9 and Hoxd9 genes, and triple knockout mice did not show any defect in MG development and adult virgin mice seem to have normally structured glands. However, during and after pregnancy, triple mutant females exhibit an hypoplasia of the mammary tissue with a reduction of the quantity of milk produced, resulting in the death of the pups (Chen and Capecchi, 1999) .
Hoxb7 is expressed in MG of adult virgin mice, while its expression is downregulated during lactation (Srebrow et al., 1998) . However, Hoxb7 knockout mice have no defects in MG development and physiology (Chen et al., 1998) .
Role and regulation of Msx1 and Msx2 in mammary gland development
At E13.5 of mouse embryonic development, both Msx1 and Msx2 were localized in the epithelium of the mammary bud (Phippard et al., 1996) while in newborn mice Msx1 expression is downregulated and Msx2 expression switches to the mesenchyme (Satokata et al., 2000) . Both Msx1 and Msx2 are expressed in the MG of virgin females and during early pregnancy, but their expression is down-regulated during lactation and increases again in the involuting gland (Friedmann and Daniel, 1996; Phippard et al., 1996) . Msx2 expression was shown to be up-regulated by estrogen while the expression of Msx1 does not depend on ovarian hormones (Friedmann and Daniel, 1996; Phippard et al., 1996) . More recently, progesterone was also shown to induce Msx2 expression (Satoh et al., 2007) . However, different groups report diverse descriptions of the expression pattern of Msx1 and Msx2 in the adult MG. On the one hand, Friedmann and Daniel report that Msx2 is expressed in the mesenchymal compartment while Msx1 is localized in the epithelial compartment in the MG of both virgin and pregnant females (Friedmann and Daniel, 1996) . On the other hand, Phippard et al. find that Msx2 is expressed in the epithelium while Msx1 is found in both the epithelium and the stroma (Phippard et al., 1996) . More recently, a third group found the majority of Msx2 expression is in the epithelium and lesser amounts in the stromal cells near the ductal epithelium from 12-week-old mice (Satoh et al., 2004; Satoh et al., 2007) . These discrepancies remain to be clarified.
Msx2-/-mice fail to develop MGs that are arrested at the mammary sprout stage, suggesting that Msx2 is involved in the promotion of branching morphogenesis (Satokata et al., 2000) . Msx1 deficiency in mice does not cause any defect in MG development (Satokata and Maas, 1994) . However, when both Msx1 and Msx2 are deleted, epithelium invagination fails and MG development stops at the placode stage (Satokata et al., 2000) . Thus, although Msx1 is not required for MG development, its early expression in the mammary epithelium probably compensates for the absence of Msx2 and enables the formation of the mammary bud and sprout in Msx2-/-mice. As described earlier, such redundant function of Msx1 and Msx2 is also observed during early tooth development (Bei and Maas, 1998; Satokata et al., 2000) . However, in the case of tooth development the roles are inverted: Msx1-/-mice exhibit an arrest at the bud stage while Msx2-/-mice develop teeth that are defective.
Paired-like homeodomain transcription factors and mammary gland development
Alx4 is strongly expressed in a subpopulation of mesenchymal cells adjacent to the ductal epithelium (near the end buds) in the MG of pubescent mice (Hudson et al., 1998) . MG morphogenesis in Strong's luxoid mutant mice (Alx4 1stD/1stD ) has recently been analyzed (Joshi et al., 2006) . During puberty, these mice exhibit major defects in mammary epithelial ductal elongation and branching morphogenesis, demonstrating that Alx4 in the mammary stroma is required for normal development of the ductal epithelia. Otex, another member of the paired-like class is specifically expressed in tissues targeted by steroid hormones including the MG (Geserick et al., 2002) .
Other homeobox genes expressed the in mammary gland
Other homeobox genes have been shown to be expressed in the MG, but until now, no reports show that they play an essential role in breast morphogenesis. Irx2, a member of the Iroquois family of homeobox genes, is differentially expressed in major mammary epithelial cell lineages and its expression is dynamic thoughout both the linear and cyclic phases of MG development (Lewis et al., 1999b) . The homeobox gene Hex is expressed in epithelial cells of the end buds, and its nuclear expression is up-regulated during lactation (Puppin et al, 2006) . The expression of Barx2 in the MG has been reported based on northern blot data but no description of its expression pattern in this organ has been provided (Krasner et al, 2000) .
Homeobox genes involved in the development of nail and other ectodermal appendages
The mechanism driving nail development is poorly documented when compared to teeth, hair and MG. Only a few studies have shown the involvement of homeobox genes in the nail development.
Hoxc13 is expressed in digit tips starting at E13.5 and is maintained precisely in the area of nail formation throughout development (Godwin and Capecchi, 1998) . Hoxc13-/-mice develop malformed nails that have a flatter appearance when compared to wild type nails, and tend to overgrow and form long spirals, supporting a role for Hoxc13 in nail differentiation (Godwin and Capecchi, 1998) . Given that hair and nail are both keratinized structures, it is likely that the defects observed in Hoxc13-/-mice for these two organs involve similar mechanisms. However, although several studies have been carried out to investigate further the role of Hoxc13 in HF development (Jave-Suarez et al., 2002; Pruett et al., 2004) , none of these studies have included a parallel with nail development.
Msx1 and Msx2 are expressed in the developing digit tips where nails are formed (Reginelli et al., 1995) . Msx1 is expressed exclusively in the mesenchyme, while Msx2 is found in both the mesenchyme and the epithelium in a more distal region of the digit tip when compared to Msx1. Digit amputations performed on both fetal and neonatal mice showed that full digit regeneration (including nail) could be obtained only when the amputation plane contained Msx1-positive cells, even in the absence of Msx2-expressing cells (Reginelli et al., 1995) . These observations suggest that Msx1-positive cells act like an organizing center of digit tip development. However, Msx1-/-mice do not show any defects in digit formation (Satokata and Maas, 1994) . On the other hand, Msx2-/-mice have enlarged nails (Satokata et al., 2000) , suggesting a role for Msx2 in nail differentiation. No report has been published on Msx1/ Msx2 double knockout regarding nail structure.
Dlx3 was also shown to be expressed in digit tips, at the place where nails form (Morasso et al, 1995) . Since Dlx3-/-mice die of placental defects, they did not provide any information on the function of Dlx3 in nail development (Morasso et al., 1999) . However, patients with TDO syndrome (mutation in Dlx3) occasionally have brittle nails, suggesting that Dlx3 is involved in nail differentiation (Price et al., 1998) .
Lmx1B is a LIM-homeodomain protein expressed in the dorsal mesenchyme of the developing limb bud where it makes a sharp dorsoventral boundary that is maintained throughout development (Riddle et al., 1995; Vogel et al., 1995) . Lmx1B has been shown to be essential for the formation of dorsal limb structures. Indeed, Lmx1B-/-mice have abnormalities that are similar to the clinical features seen in the Nail Patella Syndrome (NPS), including hypoplastic nails and absence of patella (Dreyer et al., 1998) . Since then, NPS has been associated to different mutations in Lmx1B (Dunston et al., 2005; Sweeney et al., 2003) . However, the nail phenotype observed in Lmx1B-/-mice as well as in patients with NPS is not due to a specific role of Lmx1B in nail development but more generally to a role of Lmx1B in dorso-ventral determination of limb development.
Ectodermal appendages also include sebaceous glands that are associated to HFs and sweat glands that are essentially localized in the foot pads in mice. The role of homeobox genes in the development of these two appendages has been barely documented. Although the initial characterization of the expression of different Hox genes in skin development included the expression pattern of theses genes in sebaceous and sweat glands (Stelnicki et al., 1998) , their role in the morphogenesis of these structures has not been investigated. In addition to having defects in hair cycling, Barx2-/-mice exhibit an enlarged sebaceous gland (Olson et al., 2005) . Hoxc13 is strongly expressed in the foot pads were sweat glands are concentrated (Godwin and Capecchi, 1998) . However, the role of Hoxc13 in the development and physiology of the sweat gland remains to be addressed.
Conclusion
The generation of distinct tissues often employs common developmental regulatory factors and pathways. This is particularly evident in the development of organs dependent on the invagination of ectodermally-derived epithelial cells into the underlying mesenchyme. A general function of homeobox genes during embryonic development is to specify cell identity and positioning. Although teeth, HFs and MGs go through similar morphogenetic processes during the early steps of their formation (placode and bud stages), few homeobox genes are expressed in all ectodermal appendages. Homeobox genes expressed in a specific type of ectodermal appendage can also have different involvements in specific subtypes of this appendage (ie: different types of teeth). The dentition, in which homeobox genes can play a role in the specific determination of incisors versus molars while they can also discriminate between maxillary and mandibular teeth, gives a nice example of the role of homeobox genes in deciding where to form a specific structure.
Functional redundancy has been demonstrated for some homeobox genes expressed in ectodermal appendages: Dlx1/2, Prx1/2, Hoxa9/b9/d9, as well as Msx1/2 at early stages of organogenesis. The fact that the number of human diseases currently linked to mutations in homeobox genes is low also reflects a certain degree of functional redundancy between family members. When approaching the role of some specific homeobox gene in any developmental process, one should keep in mind that they act in concert with other homeobox genes. The patterning of the embryo results from a complex network of overlapping expression of homeobox genes. For that reason, it is difficult to address the role of individual homeobox genes in embryonic development, and especially to identify direct target genes that are acting downstream of that same gene. Stages are based on mouse embryonic (E) and postnatal (P) development. In A, stages correspond to the development of the first molar. In B, stages correspond to the development of body hair. Homeobox gene knockouts leading to either a halt in or an alteration of development at a specific stage are represented. Diagram representing the distribution of homeobox genes during odontogenesis. Areas of expression are defined using three parameters: maxillary versus mandibular teeth, molars versus incisors, and epithelium versus mesenchyme. Since several markers are expressed in stomodeal tissues prior to tooth formation but have a different distribution after the initiation of tooth development, a temporal dimension was added to the diagram: distribution prior to tooth formation (1) and distribution during tooth development (2).
